I. Introduction
Flutter control becomes increasingly important as the aircraft design moves towards lighter weight material to improve the fuel efficiency and aircraft agility. Extensive research on active flutter suppression has been conducted during the last decade, and various control methodologies has been employed to develop the flutter control schemes. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] All of these methods provide promising results for flutter suppression.
In order to design an optimal controller for flutter suppression, a sufficient mathematical aeroelastic model, which is computed with the use of finite element method, a panel aerodynamic method, and the minimum state space realization of the equation of motion, is commonly adopted. However, because the aeroelastic system changes significantly with different flight conditions, the fixed controller may only stabilize the aeroelastic system in a small range of the flight conditions. Therefore, different controllers are required to cover the entire flight envelope. The gain-scheduled controller is an option for active flutter suppression. 10 However, these gain-scheduled controllers whose design is based on the analytical aeroelastic model, may not accommodate the real dynamics of the aeroelastic system. An alternative solution to overcome this drawback is to design the feedback controller from the aeroelastic model which is estimated on-line consistently using flight test data. By iteratively estimating the aeroelastic model and designing the model based controller, the closed loop aeroelastic system could be more robust, and the flutter boundary maybe be largely expanded compared to the fixed control method 11 or gain-scheduled control method. 10 Apparently, the aeroelastic system is open loop unstable above its flutter speed. To facilitate the estimate of a unstable open loop system, a stabilized closed loop experiment must be performed to obtain a desired input/output experiment data. Furthermore, for a direct estimation of an open loop unstable aeroelastic model, a dual-Youla parametrization methodology will be applied in this paper. Impressive results are obtained to illustrate the application of the proposed adaptive control algorithm to the pitch-plunge aeroelastic system.
II. Open Loop Aeroelastic Model Identification Using Dual-Youla Parametrization
Assuming the feedback connection T(G, K), is internally stable (Figure 1) , and the open loop aeroelastic plant, G, has a Right Coprime Factorization (rcf), G = N D −1 , and a stable controller, K, also has a right coprime factorization
where (N 0 , D 0 ) is a rcf of any auxiliary plant that satisfying T(G 0 , K) ∈ RH ∞ . R 0 is an unknown stable transfer function. Therefore, the estimation of the unknown stable transfer function, R 0 , will yield an estimate (N ,D) of the open loop aeroelastic plantĜ.N Using a rcf pair (N 0 , D 0 ) of plant G, a rcf pair (N k , D k ) of the controller K and the stable transfer function R 0 , the representation of the feedback connection T(G, K) in terms of the dual-Youla parametrization has been depicted in Figure 2 .
In Figure 2 , the intermediate signals, x(t) and z(t), are related by the transfer functions R 0 and S 0 . where d(t) is external disturbance.
If x(t) and z(t) are known, then R 0 and/or S 0 can be estimated by standard system identification techniques.
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From a simple mathematical derivation, the intermediate signal x(t) can be defined as
and signal z(t) is defined as
It should be noted that R 0 can also be estimated with the use of the on-line system identification technique, such as the recursive least square (RLS) adaptive filtering algorithm. In this case, a Finite Impulse Response (FIR) filter, or Orthonormal FIR filter structure can be applied to approximate R 0 . For details of the on-line modeling of R 0 , please refer to.
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III. Controller Design
With the computed aeroelastic modelĜ from Eq. (2) in place, a new feedback controller, K(q), can be designed using any standard control techniques from simple classic control technique such as Proportional Integral Derivative(PID) control to modern/robust control technique such as Linear Quadratic Gaussian (LQG) control, H 2 control, H ∞ control , or µ synthesis technique.
14 In this paper, only a simple proportional controller, K(q), is applied to the pitch-plunge system for flutter suppression.
IV. Summary of the Adaptive Control Algorithm
The procedure to iteratively estimate a stable/unstable aeroelastic system with a closed loop experiment and design the controller is described as follows:
• A feedback controller is designed to stabilize the aeroelastic system at low airspeed, and furthermore, it can cover a small range of airspeed locations over the open loop flutter speed.
• Find a stable nominal open loop aeroelastic model below the flutter speed as a reference model.
• Identify the open loop unstable aeroelastic model using dual-Youla method.
• Design the new controller using the new aeroelastic model.
The iteration stops when it is difficult to find a new controller to stabilize the open loop aeroelastic system.
V. Application to the Pitch-Plunge Aeroelastic System
The process of iteratively estimating the aeroelastic system and designing of the control is applied to a pitch-plunge system. This system is comprised of a rigid airfoil, whose motion is restricted to pitching and plunging, mounted in a wind tunnel at Texas A & M University. 15 The prototypical pitch-plunge aeroelastic system is shown in Figure 3 . The dynamics of the pitch-plunge aeroelastic system are described to within a high-degree of accuracy by Eq. (5),
These dynamics describe the complete aeroelastic system. The degrees of freedom of the rigid airfoil are described by the plunge, h, and the pitch, α, parameters. The left side of the equality describes the quasi-steady aerodynamics that are generated in response to motion of the airfoil and commanded rotations, β, of a flap. The right side of the equality describes the structural dynamics. The parameters describing the dynamics of the system are given in Table 1 . These parameters are generally indicative of those presented in several references. The simulink block of this pitch-plunge aeroelastic system is illustrated in Figure 4 . The open loop flutter can be found easily by perturbing the airspeed, U , until the aeroelastic system becomes unstable. The calculation results of the modes of the open loop aeroelastic system is shown in Table 2 . Table 2 , it is seen that the open loop system becomes unstable above the air speed of U = 12.1 m/s. A simple negative feedback proportional control, K, is designed using a stable open loop aeroelastic system at the air speed of U = 11 m/s. with K 1 = 0.2727, the flutter speed can be extended to 13.3 m/s. The flutter speed result is illustrated in Table 3 . Because the open loop aeroelastic system is unstable above the airspeed 12 m/s, and the closed loop aeroelastic system is unstable above the airspeed 13 m/s with the controller K 1 , it can not be directly estimated using the input signal, u, and output signal, y, or use indirect closed loop identification method. A dual-Youla identification method described in the above section is applied to estimate the unstable open loop aeroelastic system, G. A closed loop experiment is performed at the airspeed of U = 13 m/s. From Eq. 
A comparison between the estimated unstable open loop aeroelastic model and the true aeroelastic system at U = 13 m/s is shown in Figure 5 . From Figure 5 it is obtained that the estimated unstable model can fit the true unstable aeroelastic system very well. With this estimated aeroelastic model, a new controller can be designed, and is computed as K 2 = 0.5455. With this new designed controller, K 2 , the closed loop flutter speed can be extended to U = 15 m/s. The flutter speed result is shown in Table 4 . The unstable open loop aeroelastic model is estimated again using the dual-Youla identification method at the operation conditions of U = 14 m/s and K 2 = 0.5455, the estimation results are shown in Figure 6 . Table 5 . Table 6 is the closed loop flutter speed computed with the controller, K 4 = 0.9905. Table 7 From Figure 9 (a) and Figure 9 (b) it is demonstrated that with the proposed adaptive control method, the flutter speed of the pitch-plunge aeroelastic system can be largely extended.
VI. Conclusions
In this paper, an adaptive feedback control algorithm based on the iteratively estimate of the aeroelastic plant and design of the feedback controller is introduced. The advantage of this adaptive algorithm lies in the fact that firstly the open loop unstable aeroelastic model can be directly estimated with the use of the dual-Youla parametrization; secondly a new model-based controller can be easily designed using the standard control techniques. As a result, a better performance of the controller for flutter suppression can be obtained. Application of this adaptive control algorithm to the pitch-plunge aeroelastic system shows that the flutter boundary is largely expanded.
